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Summary
Objective: Fast low angle shot (FLASH) and double echo steady state (DESS) magnetic resonance imaging (MRI) acquisitions were recently
cross-calibrated for quantiﬁcation of cartilage morphology at 3 T. In this pilot study for the osteoarthritis (OA) initiative we compare their
testeretest-precision and sensitivity to longitudinal change.
Method: Nine participants with mild to moderate clinical OA were imaged twice each at baseline, year 1 (Y1) and year 2 (Y2). Coronal 1.5 mm
FLASH and sagittal 0.7 mm DESS sequences were acquired; 1.5 mm coronal multiplanar reformats (MPR) were obtained from the DESS.
Patellar, femoral and tibial cartilage plates were quantiﬁed in a paired fashion, with blinding to time point.
Results: In the weight-bearing femorotibial joint, average precision errors across plates were 1.8% for FLASH, 2.6% for DESS, and 3.0% for
MPR-DESS. Volume loss at Y1 was not signiﬁcant; at Y2 the average change across the femorotibial cartilage plates was 1.7% for FLASH,
2.8% for DESS, and 0.3% for MPR-DESS. Volume change in the lateral tibia (5.5%; P< 0.03), and in the medial (2.9%; P< 0.04) and
lateral femorotibial compartments (3.8%; P< 0.03) were signiﬁcant for DESS.
Conclusions: FLASH, DESS and MPR-DESS all displayed adequate testeretest precision. Although the comparison between protocols is lim-
ited by the small number of participants and by the relatively small longitudinal change in cartilage morphology in this pilot study, the data
suggest that signiﬁcant change can be detected with MRI in a small sample of OA subjects over 2 years.
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SocietyMagnetic resonance imaging (MRI) of knee articular carti-
lage provides valuable information on the status and
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osteoarthritis (OA) and shows particular promise for evalu-
ating the efﬁcacy of disease modifying OA drugs
(DMOADs)1e6. Because changes in cartilage morphology
over time are relatively small in OA, high resolution mag-
netic resonance (MR) acquisitions and quantitative image
analysis technologies have been applied, in order to accu-
rately quantify subtle changes throughout joint cartilages
over relatively short periods5. These studies have reported
changes of 0e7% per annum in various cohorts5,7e10. The
osteoarthritis initiative (OAI), a program jointly sponsored by
the National Institute of Health (NIH), the National Institute
of Arthritis and Musculoskeletal and Skin Diseases
(NIAMS), and the pharmaceutical industry, is targeted at
identifying reproducible and sensitive biomarkers for identi-
fying incident and progressive knee OA, including quantita-
tive measurement of cartilage morphology and composition.
Whereas two 3-dimension (3D) MR sequences are6
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is currently unclear which of these sequences is best suited
for this purpose.
Previous work using fat-suppressed or water-excited (we)
spoiled gradient-recalled echo (SPGR) or fast low angle
shot (FLASH) sequences has shown that cartilage morphol-
ogy can be accurately measured at 1.5 T5, and that using
newer 3 T MR systems, the testeretest reproducibility
errors can be reduced11. However, SPGR/FLASH has
a number of limitations, including the relatively low contrast
between the cartilage surface and adjacent tissues and the
limited spatial resolution (1.0e1.5 mm slice thickness) that
can be achieved at reasonable contrast-to-noise ratios
and acquisition times5. Double echo steady state with water
excitation (DESSwe)12 may potentially overcome these lim-
itations, because of the higher ﬂuid-to-cartilage contrast13
and the lower partial volume effects that can be achieved
with thinner slices at near-isotropic resolution.
A previous pilot study for the OAI demonstrated that
sagittal double echo steady state imaging with water excita-
tion (sagDESS) and coronal multiplanar reconstructions of
sagDESS (corMPR-DESS) produce results consistent with
those of coronal FLASH (fast low angle shot) with water
excitation (corFLASH) at 3 T14, and that the testeretest-
precision (reproducibility) was similar between these se-
quences, when non-paired analyses were performed14.
This analysis design reﬂected conditions of cross-sectional,
but not those of longitudinal studies, where data sets are
usually processed in pairs. The objective of the current pilot
study for the OAI was therefore to compare the testeretest-
precision of the above MR sequences (sagDESS, corMPR-
DESS, and corFLASH) when the data are processed in
paired fashion, and to examine their sensitivity to changes
in cartilage morphometry over 1 and 2 years, respectively.
Methods
STUDY PARTICIPANTS AND MRI
Nine subjects with mild to moderate knee OA (four men,
ﬁve women, age 52.2 9.3 years, body mass index
33.9 5.2 kg/m2) participated in the study. Eight partici-
pants were examined twice at baseline (BL), year 1 (Y1)
and year 2 (Y2); one participant was examined at BL and
Y2 only. Six of these subjects were enrolled in the OAI
and underwent ﬁxed ﬂexion radiography15 during their
screening visit: two were Kellgren Lawrence grade16 1,
three grade 2, and one grade 3. All participants suffered
from knee pain, aching or stiffness on the majority of days
within one of the last 12 months or had a clinical
diagnosis of knee OA.
Testeretest acquisitions were performed at all time points,
with subjects walking for 10 min between repeat exams. Im-
ages were acquired at two sites using 3 T MR systems (Sie-
mens Magnetom Trio, Erlangen, Germany) and quadrature
transmitereceive knee coils (USA Instruments, Aurora,
OH). A sagDESS (with water excitation, 0.7 mm slice thick-
ness, in-plane resolution¼ 0.37 mm 0.46 mm interpolated
to 0.37 mm 0.37 mm, acquisition time¼ 10 min 23 s) and
a double oblique corFLASH (with water excitation, 1.5 mm
slice thickness, in-plane resolution¼ 0.31 mm 0.31 mm,
acquisition time¼ 8 min 30 s) were acquired during each
exam, both usingwater excitation (Fig. 1)14.Other acquisition
parameters for the (corFLASH) were: 20 ms. repetition time
(TR), 7.6 ms echo time (TE), 12 ﬂip angle (FA), 80 slices,
160 mm ﬁeld of view (FOV), and those for the sagDESS
16.3 ms TR, 4.7 ms TE, 25 FA, 160 slices, 140 mmFOV14. Double oblique coronal multiplanar reformats
(corMPR-DESS) with 1.5 mm slice thickness were obtained
from the sagDESS. The other imaging parameters and the
acquisition procedure have been described in detail previ-
ously14. The study protocol, amendments, and informed con-
sent documentation were reviewed and approved by the
local institutional review boards14.
The images were anonymized and the image analysis
center was blinded to acquisition date, but not to subject
identiﬁcation. Two experienced readers (MK, MS) with for-
mal training in cartilage analysis manually segmented the
Y1 vs BL images (quadruples), and one reader (MK) the
Y2 vs BL images (pairs). Y1 and Y2 analyses were per-
formed separately, because the Y1 and BL data were deliv-
ered prior to acquisition of the Y2 data.
The following cartilage plates were analyzed in all
images: medial tibia (MT), central (weight bearing) medial
femur (cMF), lateral tibia (LT), and central lateral femur
(cLF)14,17. In the sagDESS sequence, the patella (P) and
posterior femoral condyles (pMF and pLF) were analyzed
in addition. Segmentation involved manual tracing of the
total area of subchondral bone (tAB) and the area of the
cartilage surface (AC) using proprietary software (Chondro-
metrics GmbH, Ainring, Germany)11,14. The cartilage vol-
ume (VC) and the mean cartilage thickness averaged
over the cartilaginous part of the subchondral bone area
(ThCcAB) were then determined in addition to tAB and
AC. Abbreviations of anatomical regions and measurement
variables used in this article are deﬁned in the nomencla-
ture proposal for quantitative cartilage imaging17. For VC
and thickness (ThCcAB), aggregate values of MT/cMF
and of LT/cLF were computed for the medial weight-bearing
femorotibial (MFTC) and lateral femorotibial (LFTC) com-
partments, respectively9.
Precision errors were determined by computing the root-
mean-square (RMS) coefﬁcient of variation (CV%)18 for the
testeretest BL (8 2) and Y1 measurements (8 2), and
for all paired measurements (16 2). The change over
1 year was evaluated by subtracting the mean of the two
Y1 measurements from the mean of the BL measurements
[(Y1 BL)/BL  100]. The mean and standard deviation
(SD) of the individual percent changes were reported, and
systematic differences were tested for statistical signiﬁ-
cance using a paired t test. The change over 2 years was
evaluated by comparing the Y2 with the BL measurements
in all nine subjects [(Y2 BL)/BL 100], one BL and Y2
acquisition was analyzed in each subject.
Results
When the RMS CV% values were averaged across the
four plates of the weight-bearing femorotibial compartment
(Table I), the precision errors (paired analysis) for VC mea-
surements were 1.8% for corFLASH, 2.6% for sagDESS,
and 3.0% for corMPR-DESS. No obvious differences were
apparent between precision errors at BL and Y1. Paired
precision errors for VC in the other cartilage plates (sag-
DESS) were 4.8% for the P, 3.3% for the posterior medial
femoral condyle (pMF), and 4.8% for the posterior lateral
femoral condyle (pLF). Paired precision errors for cartilage
thickness (ThCcAB) were similar to those for VC. Precision
errors for surface areas (AC and tAB) were generally below
1.7%, except for the LT with corMPR-DESS (2.7% and
2.5%, respectively).
No signiﬁcant cartilage loss was observed over the ﬁrst
year (Table II). At Y2, the average loss of VC across the
1328 F. Eckstein et al.: Longitudinal change of cartilage in an OAI pilot studyFig. 1. MR images showing a BL (left column) and Y2 acquisitions (right column) in one of the patients studied. The images highlight the chal-
lenge in delineating the articular surfaces of the tibial and femoral cartilages in the femorotibial contact areas: (A) coronal double oblique
FLASH with water excitation (1.5 mm slice thickness), (B) sagDESS with water excitation (0.7 mm slice thickness through the MFTC),
(C) coronal double oblique multiplanar reconstruction of the sagDESS (1.5 mm slice thickness).four weight-bearing femorotibial plates was 1.7% for
corFLASH, 2.8% for sagDESS, and 0.3% for corMPR-
DESS. The change in VC in the LT (5.5 6.4%;
P¼ 0.03), the MFTC (2.9 3.8%; P¼ 0.04), and the
LFTC (3.8 4.1%; P¼ 0.03) was signiﬁcant for sag-
DESS. The reduction in cartilage thickness (ThCcAB)
was signiﬁcant in the MFTC and the LT, and that of the
AC in the P (sagDESS). No signiﬁcant changes wereobserved over 2 years with other sequences or parameters
(Table II).
Discussion
This pilot study for the OAI extends previous work
on cross-validating DESS image contrast for quantitative
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Testeretest-precision for coronal FLASH, coronal MPR-DESS (MPR), and sagittal DESS analyzed in a paired manner with blinding to time
point in eight participants; RMS CV% for all four acquisitions, for paired BL acquisitions, and for paired Y1 follow-up acquisitions
CV% all CV% BL CV% follow-up (Y1)
FLASH MPR DESS FLASH MPR DESS FLASH MPR DESS
Volume of cartilage (VC)
MT 1.8 3.5 2.0 1.9 3.7 2.2 1.7 3.3 1.7
cMF 2.2 2.5 2.9 1.8 2.7 2.3 2.6 2.3 3.4
MFTC 1.5 2.9 1.7 1.1 3.2 1.6 1.9 2.4 1.7
LT 1.1 3.0 2.6 1.2 3.9 2.4 1.1 1.8 2.7
cLF 2.2 3.1 3.0 2.2 3.2 2.6 2.2 3.0 3.4
LFTC 0.9 2.0 2.3 0.9 2.2 1.8 0.9 1.8 2.6
P 4.8 2.7 6.2
pMF 3.3 2.3 4.0
pLF 4.8 3.0 6.0
Mean cartilage thickness without denuded areas (ThCcAB.Me)
MT 1.6 2.5 1.9 1.1 2.4 2.4 2.0 2.6 3.4
cMF 2.3 1.9 2.5 2.1 1.9 1.8 2.5 1.9 3.0
MFTC 1.3 1.7 1.4 1.5 1.9 1.4 1.3 1.5 1.5
LT 1.1 1.9 1.8 1.3 2.4 1.6 1.0 1.0 2.0
cLF 1.9 2.5 2.8 1.9 2.4 2.9 1.9 2.6 2.8
LFTC 1.0 1.4 1.5 1.2 1.4 1.1 0.9 1.3 1.9
P 3.6 2.7 4.4
pMF 2.8 1.8 3.6
pLF 3.5 1.5 4.8
Area of cartilage surface (AC)
MT 1.5 1.4 1.5 1.7 1.7 1.0 1.4 0.8 1.9
cMF 0.9 1.2 2.2 0.9 1.3 2.1 1.0 1.1 2.3
LT 0.9 2.7 3.1 0.9 3.7 2.8 0.8 0.7 3.3
cLF 1.0 1.1 1.7 1.0 1.3 1.8 1.0 0.8 1.6
P 2.3 1.7 2.8
pMF 1.6 1.6 1.6
pLF 2.8 3.0 2.7
TAB
MT 1.2 1.4 1.2 1.0 1.6 0.7 1.4 1.2 1.6
cMF 1.0 1.0 2.0 1.0 1.2 1.9 1.1 0.9 2.1
LT 1.1 2.5 2.5 1.2 3.5 2.3 1.0 0.9 2.7
cLF 0.8 1.1 1.5 0.9 1.3 1.5 0.8 0.7 1.6
P 1.6 1.1 1.9
pMF 1.4 1.1 1.7
pLF 2.2 2.4 2.1
For abbreviations see text.analysis of cartilage morphology14. The DESS sequence
was compared with SPGR/FLASH, because the latter rep-
resents the validated gold standard for quantitative MRI of
cartilage morphology5,6,19.
A limitation of this study clearly is the small sample size.
However, this is the ﬁrst study to apply a paired analysis
design at two time points (quadruple images) to the analysis
of precision errors of cartilage morphometry, the ﬁrst to
compare DESS and FLASH in a longitudinal study, and
the ﬁrst to compare change in aggregate values of cartilage
morphology in the MFTC and LFCT to single femorotibial
cartilage plates longitudinally. Although this pilot study
only involved few OA patients, the OAI is acquiring longitu-
dinal data on more than 4500 subjects over 5 years, and
these data should become available for analysis in the
near future.
Previous ﬁndings14 indicate that corFLASH, sagDESS,
and corMPR-DESS display similar precision in the analysis
of cartilage morphology, when being read in an unpaired,
completely blinded manner. These precision errors exam-
ine the differences in image contrast14, but are not directly
applicable for use in longitudinal studies where BL and
follow-up images are usually processed as pairs. Other
studies which investigated testeretest-precision havebeen conﬁned to one time point only5,6,11, but this approach
may introduce bias toward conformance of segmentation in
repeat data sets. The advantage of the current design, in
which quadruples were processed (with blinding to BL
and Y1 time points) is that the readers were aware that
change may have occurred between acquisitions, so that
this bias was minimized. In contrast with our previous un-
paired analysis14 results, the paired analysis precision er-
rors of the sagDESS, and in particular, that of the
corMPR-DESS were generally higher, than those from
the corFLASH. Precision errors of the corFLASH were at
the lower end of those reported previously5.
The changes seen at Y1 and Y2 were small, given that
annual rates of VC loss of up to 7% have been reported
in the literature5,7e10. This may be due to the patients hav-
ing relatively mild OA. Interestingly, the sagDESS tended to
display higher sensitivity to change (ratio of % loss to its
SD) than corFLASH, and corFLASH higher sensitivity than
corMPR-DESS. Given that the image contrast of corMPR-
DESS and sagDESS is similar and that previous studies
have revealed lower precision errors of corFLASH in the
weight-bearing femorotibial joint compared with sagittal
FLASH5,20,21, we assume that the potentially higher
sensitivity of sagDESS compared to corFLASH and
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Longitudinal change (mean of individual % change values, SD of individual % values, and significance level of change [paired t test]) in
cartilage morphology over 1 year (Y1) and 2 years (Y2), respectively, for coronal FLASH (FLASH), coronal MPR-DESS (MPR), and sagittal
DESS paired image analysis with blinding to time point
Y1 change (n¼ 8) Y2 change (n¼ 9)
% SD (%) P-value % SD (%) P-value
Volume of cartilage (VC)
MT FLASH þ0.6 4.4 0.96 2.3 3.9 0.14
MPR 2.2 2.8 0.09 0.7 3.4 0.38
DESS þ0.1 4.0 0.90 2.8 5.7 0.11
cMF FLASH 0.2 3.7 0.97 1.6 5.6 0.54
MPR 0.9 3.4 0.50 þ0.6 4.6 0.88
DESS 2.1 6.8 0.33 2.5 4.8 0.18
MFTC FLASH þ0.4 3.6 0.98 1.9 4.1 0.17
MPR 1.8 2.8 0.14 0.2 3.4 0.64
DESS 0.7 4.5 0.63 L2.9 3.8 0.04
LT FLASH 0.7 5.5 0.71 3.4 5.0 0.08
MPR 1.4 4.1 0.21 2.0 4.4 0.15
DESS 4.0 9.1 0.24 L5.5 6.4 0.03
cLF FLASH þ1.4 2.7 0.26 þ0.4 8.6 0.99
MPR 0.1 3.2 0.75 þ1.0 5.6 0.53
DESS 0.1 5.9 0.76 0.5 4.0 0.61
LFTC FLASH þ0.1 3.6 0.99 2.0 5.1 0.21
MPR 0.9 2.9 0.25 0.9 4.0 0.37
DESS 2.6 5.8 0.24 L3.8 4.1 0.03
P DESS 10 20.6 0.17 3.4 5.9 0.16
pMF DESS þ1.3 7.0 0.74 0.9 5.2 0.81
pLF DESS 0.8 8.3 0.74 4.0 8.4 0.14
Mean cartilage thickness without denuded areas (ThCcAB.Me)
MT FLASH þ1.3 4.2 0.46 1.5 3.4 0.19
MPR 1.9 2.6 0.09 0.9 3.0 0.43
DESS 0.4 3.4 0.72 2.6 4.2 0.07
cMF FLASH 0.5 3.1 0.80 1.2 5.1 0.53
MPR 1.9 2.6 0.09 þ0.6 2.9 0.79
DESS 1.4 4.0 0.28 1.6 3.8 0.18
MFTC FLASH þ0.5 3.1 0.72 1.3 3.5 0.24
MPR 1.3 2.7 0.21 0.2 2.0 0.76
DESS 0.9 3.2 0.37 L2.3 2.5 0.02
LT FLASH 0.9 5.1 0.60 2.5 3.7 0.06
MPR 1.8 3.9 0.21 2.2 3.0 0.06
DESS 2.7 5.2 0.19 L3.8 4.5 0.03
cLF FLASH þ1.2 2.2 0.15 1.2 9.7 0.58
MPR 0.3 2.5 0.66 þ0.3 4.7 0.86
DESS 1.6 4.4 0.28 0.9 4.0 0.53
LFTC FLASH 0.0 2.6 0.96 2.0 4.8 0.21
MPR 1.1 2.2 0.21 0.9 2.7 0.27
DESS 2.0 2.7 0.10 2.4 3.8 0.09
P DESS 2.1 10.7 0.52 0.8 6.6 0.65
pMF DESS 0.1 6.8 0.95 0.9 5.4 0.67
pLF DESS 2.1 5.5 0.32 3.2 5.8 0.12
Area of cartilage surface (AC)
MT FLASH 0.4 1.7 0.47 0.9 2.4 0.30
MPR þ0.0 1.6 0.93 þ0.8 2.7 0.56
DESS þ0.1 4.0 0.90 0.5 2.7 0.50
cMF FLASH þ0.3 1.8 0.64 0.1 4.1 0.96
MPR þ0.1 1.5 0.87 0.1 4.4 0.98
DESS 0.2 7.7 0.91 1.1 2.6 0.30
LT FLASH þ0.0 1.3 0.97 1.3 4.5 0.39
MPR 0.3 2.4 0.86 0.5 3.2 0.58
DESS 1.5 5.8 0.42 2.4 4.0 0.11
cLF FLASH þ0.1 1.4 1.00 þ1.5 4.1 0.28
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Y1 change (n¼ 8) Y2 change (n¼ 9)
% SD (%) P-value % SD (%) P-value
MPR 0.1 1.3 0.81 þ0.7 2.6 0.40
DESS þ1.5 3.8 0.25 0.6 5.0 0.69
P DESS 8.5 17.4 0.23 L2.9 2.9 0.03
pMF DESS þ1.5 3.4 0.29 0.0 1.5 0.92
pLF DESS þ1.3 4.6 0.44 1.4 4.6 0.29
For abbreviations see text14,17.corMPR-DESS is most likely due to the higher spatial reso-
lution thinner slices rather than to the different image orien-
tation and contrast. While exciting, these initial results are
based on a small data set and must be conﬁrmed in a larger
cohort. Also, the potential advantages of increased spatial
resolution are offset by increases in both image acquisition
segmentation time.
At this stage, the technique applied here is not intended
for use in diagnosing OA in a single patient, in particular be-
cause the predictive value of imaging outcomes for clinical
endpoints (e.g., indication for total knee arthroplasty) has so
far only been reported in one relatively small study22. Estab-
lishing the relationship between imaging endpoints (such as
changes in cartilage morphology) and clinical endpoints,
however, is one of the goals of the OAI. The technique pre-
sented here has high potential for evaluation of the effects
of DMOADs in clinical trials. At this point, however, it is still
unclear how much of a change in cartilage morphology (and
how much of a modulation of this change by a DMOAD) is
clinically signiﬁcant.
While the focus of this work was on the comparison of
FLASH and DESS for quantiﬁcation of cartilage morphol-
ogy, other MRI-based methods for rating changes in OA
have also been described: semi-quantitative scoring of con-
ventional proton density-, T1-, and T2-weighted MR images
has been used to rate alterations of cartilage and other ar-
ticular tissues23, but their responsiveness to changes has
been reported to be relatively low24. While conventional pro-
ton density-, T1-, and T2-weighted MR images are acquired
in the OAI, these cannot be used to quantify changes of car-
tilage morphology, because of the lower spatial resolution
and the potential presence of chemical shift artifact at the
bone cartilage interface4,5. For the purpose of analysis of
cartilage biochemical composition (speciﬁcally collage con-
tent, collagen structure and hydration), T2 mapping has
been included as part of the OAI acquisition protocol25,
but no longitudinal changes in OA have so far been re-
ported. Techniques for analysis of cartilage proteoglycan
content, such as delayed Gadolinium MR imaging of carti-
lage (dGEMRIC) and T1rho have also been developed
6,26,
but have not been included in the OAI acquisition protocol.
One of the most difﬁcult tasks in the segmentation pro-
cess of cartilage morphology is to accurately identify the
contact zone between femorotibial cartilage, since the con-
trast is often very low where the femoral and tibial cartilage
plates are in direct contact. The variation introduced by the
difﬁculty in accurate delineation can be reduced by analyz-
ing aggregate measures of VC and cartilage thickness
(ThC) in the MFTC and LFTC9. Our results indicate that
morphometric measurements in MFTC and LFTC not only
tend to be more reproducible, but also more sensitive to
change than individual femorotibial plates (MT, cMF, LT,
cLF). Although the comparison between protocols is limited
by the relatively small longitudinal change in cartilagemorphology in this pilot study and the small number of par-
ticipants, the data suggest that signiﬁcant change can be
detected with MRI in a small sample of OA subjects over
2 years. The results on longitudinal change should be con-
ﬁrmed in a larger sample, and the OAI will provide the op-
portunity to do so in the future.
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